The Theileria genus includes a large number of species of tick-borne parasites that infect domestic animals and wildlife species, predominantly ruminants. These range from species, such as T. parva and T. annulata, which cause acute lymphoproliferative diseases in cattle resulting in high levels of mortality, to others that are non-pathogenic. In the last decade, several new pathogenic species of Theileria have been identified and pathogenic strains of other previously low-pathogenic species have emerged. Theileria parasites are characterised by developmental stages within leukocytes and erythrocytes. The capacity of the most pathogenic species to undergo extensive multiplication during intraleukocyte development is central to their ability to cause disease. However, this is not the sole property responsible for disease, as illustrated by T. parva, which grows in a similar manner in buffalo cells but does not cause disease in this species. Because of the highly pathogenic nature of these parasites in livestock and the susceptibility of young animals to disease, control of the diseases is challenging. Control by chemotherapy and prevention of tick infestation has proved expensive and difficult to sustain. Vaccines using live parasites are available for T. parva and T. annulata and have been used with some success in the field. However, their widespread use has been hampered by practical constraints in production and distribution of the vaccines. Studies of the immune responses in immune cattle have helped to elucidate the protective immune responses and identified a number of parasite antigens that are currently being explored for development of alternative vaccines.
Introduction
Theileria are tick-borne apicomplexan parasites, which include a number of species that cause economically important diseases of farm animals in tropical and subtropical regions of the world (1, 2, 3) . They are most closely related to Babesia, from which they differ by having a developmental stage in leukocytes prior to infection of erythrocytes. Although Theileria have been reported in several mammalian species, the vast majority of Theileria species described to date are found in ruminants (4, 5, 6) . One important exception is the equine species T. equi, which was originally considered to be a Babesia parasite (B. equi) but was reclassified in 1998 following the discovery of a developmental stage in leukocytes (7) . Theileria parasites are transmitted by a range of different tick species and the geographical distribution of the parasites is determined largely by the climatic conditions that support the respective tick vector species. Transmission of ruminant Theileria occurs transstadially, meaning infections acquired by larval and nymphal ticks are transmitted to new hosts by nymphs and adults respectively. Transmission of T. equi by some tick species can also occur intra-stadially, i.e. by the same tick stage transferring from one host animal to another (8) . Many of the Theileria that infect domestic livestock are also found in wildlife, notably African and Asian buffalo (Syncerus caffer and Bubalus bubalis respectively), which in some cases are considered the primary mammalian hosts (1, 5, 9, 10) . The parasites are usually non-pathogenic in their wildlife hosts.
This review provides a brief summary of current knowledge on the Theileria species that cause disease in farm animals and discusses the pathogenesis of the diseases and methods employed for their control, focusing particularly on the role of vaccination.
Diseases caused by Theileria species
A summary of the hosts, geographical distribution and pathogenicity of Theileria species that infect domestic animals is provided in Table I . Theileria species vary widely in virulence, ranging from production of severe disease, resulting in high levels of mortality, to completely benign. Theileria parva and T. annulata in cattle and T. lestoquardi in sheep are particularly virulent, causing acute lymphoproliferative diseases that result in major economic losses in the affected regions. The last decade has also seen the discovery of novel species of Theileria that cause disease in sheep in China and the emergence of apparently more pathogenic strains of T. orientalis.
Cattle
Theileria parva is the causal agent of East Coast fever (ECF), which occurs in 11 countries in East and Southern Africa, where 28 million cattle are at risk (3, 11) . The disease is characterised by the presence of large numbers of parasitised leukocytes throughout the lymphoid system, clinically evident as lymph node enlargement, and infiltration of other tissues, notably the lungs and gastrointestinal tract, by parasitised cells. In severe cases, extensive lymphocytolysis during the later stages of the disease results in profound cellular depletion of lymphoid tissues and leukopenia, accompanied in the terminal stages by pulmonary oedema (12, 13) . The disease causes high levels of mortality in fully susceptible stock. Annual losses due to the disease are estimated at US$300 million. European (Bos taurus) breeds are particularly susceptible (14) , although the disease also results in up to 10% mortality in indigenous (B. indicus) animals (15, 16, 17) . Cattle can acquire infection with T. parva from ticks that have fed on cattle or African buffalo. Both infections result in severe disease with similar clinical signs, but buffalo-derived infections exhibit lower levels of schizonts in peripheral lymph nodes and very low or undetectable piroplasm parasitaemia (18) .
A buffalo parasite closely related to T. parva, referred to as T. sp. (buffalo), was first described in the early 1990s (19) , but has yet to be assigned a formal species name. A recent study in Kenya has demonstrated that this parasite can infect cattle (R. Bishop, unpublished data). A number of parasitised cell lines isolated from cattle that developed severe disease following introduction into an area grazed by buffalo were shown to contain cells infected with T. sp. (buffalo). Because T. parva was also present in these animals, the role of T. sp. (buffalo) in pathogenesis of the disease could not be determined.
Cattle in Africa are frequently infected with a number of other Theileria species (20, 21, 22) which rarely cause disease. Theileria mutans has very occasionally been reported in association with clinical disease, manifesting as fever, severe anaemia and icteris, with mortality in some animals (24, 25, 26, 27) . This disease, which prior to 2006 was only rarely observed, has occurred in a large number of herds, dairy herds being most severely affected. The main clinical manifestations are fever, haemolytic anaemia of variable severity and mortality in some animals; infection is also associated with an increased incidence of abortion and stillbirths and significant reductions in milk yields in affected herds. 
Sheep and goats

Horses
Infection of horses with T. equi is often asymptomatic but can result in outbreaks of disease characterised by fever, anaemia and lethargy, leading to mortality of some animals (36) . Certain strains of the parasite may be more pathogenic than others. Although schizont-infected leukocytes are readily observed in lymphoid tissues of affected animals, disease is largely attributable to destruction of infected erythrocytes (37) . Thrombocytopenia and haemorrhage may also occur.
The properties of Theileria species that enable them to cause disease
The developmental stages of a highly pathogenic species, T. parva, in the bovine host are illustrated in Figure 1 . Theileria-infected ticks feeding on their mammalian hosts deposit sporozoites at the site of feeding, where they invade leukocytes. The intracellular parasites develop over a number of days to multinuclear schizonts, which then undergo varying degrees of multiplication (depending on the species), before differentiating to produce merozoites. Upon release from the infected cells, merozoites invade erythrocytes, giving rise to the piroplasm stage, which is infective for ticks. Virulence of the different Theileria species is strongly influenced by the degree to which they multiply during the schizont stage of development. Unlike most other apicomplexan parasites, Theileria reside free within the cytosol of the host cells (38) . The highly pathogenic species, such as T. parva, T. annulata and T. lestoquardi, cause activation and proliferation of the infected host leukocytes and, by associating with the mitotic spindle during cell division, the parasites are able to divide at the same time as the host cells, ensuring that infection is retained in the daughter cells (39, 40, 41) .
This process facilitates rapid parasite multiplication prior to differentiation to merozoites. The intra-erythrocytic piroplasm stage of the highly pathogenic species undergoes little or no multiplication. Nevertheless, the sheer numbers of merozoites produced from the infected leukocytes can result in high levels of piroplasms during the acute stage of infection. Extensive multiplication of the schizont stage of T. parva, T. annulata and T. lestoquardi , as well as T. sp. (buffalo), enables the parasitised cells of these species to be cultured in vitro as continuously growing cell lines (42, 43) . Bovine cells infected with T. taurotragi can also be established as cell lines in vitro, although this species is non-pathogenic in cattle. Consequently, these parasites are sometimes referred to as 'transforming' Theileria species. It has not been possible to culture parasitised cells from T. lewenshuni and T. uilenbergi, despite evidence that they multiply and cause disease during the schizont stage. The initial development of schizonts of other Theileria species is similar but multiplication of the infected cell is more limited and varies between species. Multiplication in these parasites occurs predominantly during the piroplasm stage, but only in a few species does this result in disease.
An important property of all Theileria is their ability to establish persistent infections in the face of immune responses that control the infection. In the case of T. parva and T. annulata, these infections (referred to as the carrier state) are usually not detectable microscopically but can be revealed by polymerase chain reaction (PCR) assays (44) and can be transmitted by ticks. Carrier infections with Theileria species that do not multiply during the piroplasm stage rely on persistence of small numbers of schizontinfected cells. The sites of persistence of these cells and how they avoid the immune response are not known.
Host adaptation and susceptibility to diseases
As outlined above, the most pathogenic (47) . This is consistent with previous evidence that buffalo-derived T. parva parasites differentiate poorly to the piroplasm stage in cattle and onward transmission by ticks is very inefficient (48) . This implies that the subset of T. parva parasites currently maintained in cattle have been selected for their ability to adapt to tick transmission in cattle.
As mentioned earlier, some populations of indigenous (Bos indicus) cattle residing in ECF-endemic areas exhibit a degree of resistance to the disease (15, 16, 17) . Experimental studies carried out in the 1950s, involving challenge of T. parva-free indigenous and European cattle with different numbers of infected ticks, demonstrated that both types of animal were susceptible to infection and disease, but larger numbers of infected ticks were required to produce lethal infections in the indigenous animals (15) . Hence, these animals appear to have evolved a degree of resistance that allows most of them to survive the levels of parasite challenge encountered in the field. The mechanisms responsible for these differences in host susceptibility to disease are not understood.
Diagnosis
Diagnosis of clinical disease caused by Theileria usually relies on clinical parameters and microscopic confirmation of the presence of parasites, either in smears of needle aspirates from enlarged lymph nodes or blood smears. Definitive identification of the Theileria species involved sometimes requires the application of species-specific PCR assays (49, 50) . Antibody tests based on enzyme-linked immunosorbent assays employing recombinant immunodominant schizont proteins (51, 52) , as well as species-specific PCRs, are frequently used in epidemiological studies. A reverse line blot assay involving PCR amplification of a segment of the 18s ribosomal RNA subunit of all Theileria and Babesia species and subsequent hybridisation of the amplicons with species-specific oligonucleotides has been employed to identify Theileria species present in individual animal samples (53) .
Disease control measures
Calves infected with several other bovine tick-borne blood pathogens, including Babesia species and Anaplasma marginale, show enhanced resistance to disease in the first six months of life, enabling them to acquire immunity to these pathogens in regions where the infections are endemic. (65, 66) , but only some of the immunised animals withstand challenge with other parasite isolates (64) . However, immunisation and cross-challenge studies with different combinations of parasite isolates resulted in identification of a mixture of three isolates (known as the Muguga cocktail), which, when used to immunise cattle, gave broad protection against experimental challenge with different T. parva isolates and against field challenge with T. parva (67, 68) . Despite evidence of efficacy, until recently, use of the Muguga cocktail vaccine in the field had been limited, largely because of the complex process involved in production and quality control of the live sporozoites and the requirement for a cold chain to store and distribute the vaccine. However, recent initiatives to register the vaccine and to establish centres for vaccine production and systems to facilitate its distribution have led to increased field uptake. Nevertheless, the need for an alternative vaccine that can be produced and distributed in a more sustainable manner is widely recognised.
Mechanisms of immunity induced by live parasites
The need for alternative methods of vaccination has driven research to unravel the nature of the protective immune response, with the aim of identifying antigens that could be exploited for vaccination.
A large body of evidence from studies of immunity to T. parva indicate that protective immune responses are directed against the schizont-infected cell and that this involves T-cell-mediated immune responses (69, 70) . Cattle immunised by infection and treatment generate major histocompatibility complex (MHC)-restricted CD8 T-cell responses following immunisation and challenge, coinciding with parasite clearance (71, 72) . These cells show cytotoxic activity against autologous T. parva-infected cells and exhibit parasite strain specificity (73, 74) . Two further observations provided evidence that these T cells are key mediators of immunity. First, transfer of responding CD8 T cells (but not CD4 T cells) from immune to naive identical twin calves was found to confer protection against parasite challenge in the naive recipients (75) . Second, parasite strain specificity of the CD8 T-cell response, which varies between individual animals immunised with the same parasite isolate, correlated closely with immunity following challenge with a cloned heterologous parasite strain (76) .
Immunised animals also show strong parasite-specific CD4 T-cell responses (77, 78) , which recognise antigen presented by class II MHC on the surface of the infected cells and the majority of them release interferon gamma (IFN-γ) following antigenic stimulation. Although these CD4 T cells do not appear to have a direct role as immune mediators, in vitro studies indicate that they may be required for induction and/or recall of effective CD8 T-cell responses in vivo (79) .
More limited studies of immune responses against T. annulata indicate that similar mechanisms of immunity operate with this parasite (80, 81, 82) .
Publication of the complete genome sequences of T. parva and T. annulata in 2005 provided a catalogue of the functional genes, indicating that both parasites encode just over 4,000 proteins (83, 84) . Around the same time, development of high-throughput antigen screening methods led to the identification of a number of T. parva antigens and epitopes recognised by CD8 T-cell responses (85) . These advances facilitated a series of studies to examine the fine antigenic specificity of the CD8 T-cell response, which helped to elucidate the basis of strain specificity of immunity (reviewed in 69). Although some of the antigens that generate highly dominant responses are polymorphic (86, 87) , recent studies have shown that others are highly conserved, but suggest that CD8 T cells specific for these antigens may represent a minor component of the immune response (H. Hemmink, W. Weir and W.I. Morrison, unpublished) . Hence, the dominance of the polymorphic antigens appears to be an important factor in determining strain specificity of the response.
Approaches to development of alternative vaccines
The above studies of immune responses induced by live parasites have yielded parasite antigens that are being investigated for development of subunit vaccines against T. parva and T. annulata. An additional approach has been to attempt to vaccinate using antigens from the sporozoite stage of the parasite. Although infection or immunisation with live parasites induces very little antibody against sporozoites, monoclonal antibodies reactive with T. parva and T. annulata sporozoite surface antigens were found to neutralise the infectivity of sporozoites in vitro (88, 89) . The antigens recognised by these antibodies have been identified (90, 91) and recombinant proteins have been explored for vaccination (92, 93, 94 Resumen El género Theileria abarca un gran número de especies de parásitos transmitidos por garrapatas que infectan a diversos animales domésticos y salvajes, principalmente a los rumiantes. Entre ellas hay desde especies como T. parva y T. annulata, que provocan enfermedades linfoproliferativas agudas en los bovinos y causan elevados niveles de mortalidad, hasta otras que no son patógenas. En el último decenio se han descrito varias nuevas especies patógenas de Theileria y han aparecido cepas patógenas de especies que hasta entonces presentaban escasa patogenicidad. Los parásitos Theileria se caracterizan por atravesar una fase de desarrollo en el interior de los leucocitos y eritrocitos. En las especies con mayor poder patógeno, la capacidad de multiplicarse a gran escala durante la fase de desarrollo intraleucocitaria es un aspecto central de su aptitud para generar la enfermedad. Sin embargo, esta no es la única propiedad responsable de la patología, como evidencia el caso de T. parva, que se reproduce de forma parecida en las células del búfalo pero no le causa enfermedad alguna. Está comprobado que, en razón del gran poder patógeno que revisten estos parásitos para el ganado y de la sensibilidad de los animales jóvenes a la enfermedad, resulta caro y difícil luchar duraderamente contra ella con medidas de farmacoterapia y prevención de la infestación por garrapatas. Existen vacunas a base de parásitos T. parva y T. annulata vivos que han sido empleadas con cierto éxito sobre el terreno. No obstante, la fabricación y distribución de esas vacunas presentan limitaciones de orden práctico que han obstaculizado su aplicación generalizada. Las investigaciones sobre la respuesta inmunitaria de los bovinos han ayudado a desentrañar las respuestas inmunitarias que confieren protección, y actualmente se está estudiando el uso de una serie de antígenos parasitarios para obtener vacunas alternativas.
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contre T. parva et T. annulata et ont rencontré un certain succès. Néanmoins, leur utilisation massive est rendue difficile par des contraintes pratiques liées à la production et à la distribution de ces vaccins. Des études sur la réponse immune chez les bovins ont permis de comprendre le mécanisme des réponses protectrices et d'identifier un certain nombre d'antigènes du parasite, qui font actuellement l'objet de recherches complémentaires en vue de développer de nouvelles solutions vaccinales.
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